The main object of this study was to investigate the molecular basis for changes in the spectral sensitivity of the visual pigments of deep-sea fishes. The four teleost species studied, Hoplostethus mediterraneus, ataet x laticeps, Gonostoma elongatum and Histiobranchus bath bius, are phylogenetically distant from each other and live at depths ranging from 500 to almost 5000 m. A single fragment of the intronless rod opsin gene was PCR-amplified from each fish and sequenced. The wavelength of peak sensitivity for the rod visual pigments of the four deep-sea species varies from 483 nm in H. mediterraneus and G. elongatum to 468 nm in . laticeps. Six amino acids at sites on the inner face of the chromophore-binding pocket formed by the seven transmembrane a-helices are identified as candidates for spectral tuning. Substitutions at these sites involve either a change of charge, or a gain or loss of a hydroxyl group. Two of these, at positions 83 and 292, are consistently substituted in the visual pigments of all four species and are likely to be responsible for the shortwave sensitivity of the pigments. Shifts to wavelengths shorter than 480 nm may involve substitution at one or more of the remaining four sites. None of the modifications found in the derived sequences of these opsins suggest functional adaptations, such as increased content of hydroxyl-bearing or proline residues, to resist denaturation by the elevated hydrostatic pressures of the deep sea. Phylogenetic evidence for the duplication of the rod opsin gene in the Anguilliform lineage is presented.
INTRODUCTION
The physical properties of the deep sea create a unique environment that places many constraints on the vision of deep-sea fish. The low light levels, high pressures and low temperatures of much of the deep sea present exceptional challenges to biological systems, which have to be met by evolutionary adaptations at all levels from gross anatomy to cellular biochemistry. The ambient light of the deep sea is composed of dim blue, downwelling daylight and bioluminescence (Marshall 1979) . The intensity of downwelling light diminishes rapidly with increasing depth, and the limit of scotopic vision has been calculated to be about 1000 m in the clearest tropical oceans (Denton 1990 ). The high hydrostatic pressures of the deep sea have required further adaptations within cells, particularly at the molecular level, to allow normal biological processes to operate (Weber & Drickamer 1983 ; Somero 1991) . Pressure increases by approximately 0.1 megaPascal (MPa) (0.1 MPa l 1 bar) for every 10 m increase in depth, and since the average depth of the ocean is some 3554 m (Couper 1983) , the open oceans have an average pressure of around 35 MPa. Similarly, tem-* Author for correspondence. perature in the deep sea is generally low, typically in the range 2-4 mC, necessitating low temperature adaptations, particularly in enzyme systems (Somero 1992 a, b) .
The visual systems of deep-sea fishes show numerous adaptations to the unusual light environment in which they live, many serving to increase photon capture in this photon-limited visual environment. These adaptations include specialized ocular anatomy (Locket 1977) , unusually high amounts of visual pigment in the photoreceptors (Denton & Warren 1957 ; Partridge et al. 1988 Partridge et al. , 1989 , large photoreceptor size (Munk 1966) and the wavelength of maximum absorbance of visual pigments matched to the wavelength of maximum spectral transmission of oceanic waters (Partridge et al. 1988 . However, molecular adaptations in photoreceptors have not been directly investigated. In other tissues, high levels of unsaturated fatty acids in cell membranes have been noted, thus promoting membrane fluidity at high pressure (Avrova 1984 ; Cossins & MacDonald 1986) , and this is accompanied by an increase in the thermal stability of membrane proteins, indicative of high molecular rigidity (Swezey & Somero 1982) . Similar adaptive changes may be expected in the membranes of photoreceptors and in the molecular design of visual pigment proteins. Visual Figure 1 . For legend see opposite. Rod opsins of deep-sea fish opsins A. J. Hope and others pigments consist of a membrane-bound protein (opsin) combined with a chromophore that, in almost all deepsea fishes, is the aldehyde of vitamin A1, retinal (Partridge et al. 1988 ; Partridge 1989 ; Partridge et al. 1989) . The wavelength of peak spectral sensitivity (λ max ) of the rhodopsin visual pigment formed by an opsin and retinal is determined by the amino acid sequence of the opsin. This ' spectral tuning ' of the visual pigment λ max is thought to arise from substitutions of specific amino acids at particular sites along the opsin protein which have electrostatic interactions with the chromophore (Hubbard & Sperling 1973) . These substitutions typically involve exchange of hydroxyl with non-hydroxyl-bearing amino acids, or charged with uncharged amino acids. Most previous studies have concentrated on the spectral sensitivities of primate ' red-green ' cone visual pigments, with λ max values of 530-570 nm (Bowmaker et al. 1991 ; Neitz et al. 1991 ; Williams et al. 1992) , and have shown that the spectral tuning of these visual pigments is largely determined by amino acid replacements at only three sites within the opsin (Nathans 1990 ; Merbs & Nathans 1993 ; Assenjo et al. 1994) . In contrast, comparatively little work has been carried out on natural rod pigments, particularly those with λ max values at shorter wavelengths in the spectrum.
In this study, we have addressed the problems of pressure adaptations and spectral sensitivity of visual pigments by sequencing the rod opsin gene from four species of deep-sea fishes, all of which have rod visual pigments in the shortwave (' blue ') region of the spectrum.
MATERIALS AND METHODS
(a) Isolation of DNA DNA was extracted from liver samples of four species of deep-sea fish, ataet x laticeps (Koefoed 1927), Gonostoma elongatum (Gu$ nther 1878), Histiobranchus bath bius (Gu$ nther 1877) and Hoplostethus mediterraneus (Cuvier 1829), collected during Cruise 113 of the R.R.S. hallenger in 1994 by one of us (J.C.P.). Fish were caught by deep trawling with a semiballoon otter trawl (Merrett & Marshall 1981) from depths between 600 and 2600 m, from the Porcupine Sea Bight abyssal slope region of the north-eastern Atlantic (49 m27hN, 11 m29hW to 49 m59hN, 13 m12hW). All fish were dead when brought to the surface. Their livers were removed, and small amounts of tissue (ca. 1 g per sample ; 3-4 samples per species) were chopped finely in 100 % ethanol and placed in 1.5 ml Eppendorf microcentrifuge tubes. After storage for 24 h at 4 mC, samples were centrifuged and the supernatant replaced with fresh 100 % ethanol. Samples were then vortex-mixed and stored at 4 mC until return ashore where they were frozen to k70 mC until processed further.
DNA extraction was carried out using standard phenolchloroform methods and the extracted DNA was then used as a template in polymerase chain reaction (PCR) amplifications. (Archer et al. 1992) , and the eel, A. anguilla. The latter species produces two distinct rod opsins during its migration from freshwater to the deep sea . The transmembrane domains are underlined.
(b) Gene amplification and sequencing
Oligonucleotide primers were designed for conserved regions of the previously published sequence of the rod opsin of a perciform teleost, the sand goby Pomatoschistus minutus (Pallas 1770 ; Archer et al. 1992) . A single pair of primers was used, spanning nucleotides 113 to 1021 of the gene. The sequences of the primers are as follows :
Reverse 5h-TCTTTCCGCAGCACAACGTGG-3h.
Each PCR reaction contained approximately 200 ng of genomic DNA, 0.25 mM of each primer, 0.5 mM each of dATP, dGTP, dCTP and dTTP, 0.5 U aq polymerase, 4 mM MgCl # and reaction buffer in a total volume of 50 µl. The cycling temperatures used were 94 mC for 30 s during which the polymerase was added, followed by 35 cycles consisting of 93 mC for 30 s, 55 mC for 30 s and 72 mC for 30 s, with a final 10 min at 72 mC. The PCR products were then visualized by electrophoresis in a 1.5 % low melting point agarose gel in TBE buffer. The required bands were excised from the gel and used in direct sequencing on an ABI (Applied Biosystems Inc.) automated sequencer to confirm amplification of the rod opsin coding region, using the PCR oligonucleotides as sequencing primers. The fragments were then cloned into p-GEM-T (Promega) and recombinant clones sequenced with either T7 or SP6 primers, or with internal primers designed from the rod opsin sequence. Final sequence data were obtained through the use of both the ABI automated sequencer and the T7 manual system (Pharmacia) using [α-$&S]dATP. Sequencing was performed in both directions, and a consensus derived by comparing the sequence from three separate clones for each species examined.
(c) Phylogenetic analysis
The rate of nucleotide substitution for the rod opsin gene of each species pair was determined using the MEGA computer package (Kumar et al. 1993) . A phylogenetic tree for the fish opsin gene (a gene tree) was generated by the method of neighbour-joining (Saitou & Nei 1987) , and the degree of support for internal branching was assessed by bootstrapping with 500 replicates.
RESULTS
The rod opsin gene of teleost fishes has previously been shown to lack introns (Fitzgibbon et al. 1995) . By using a single pair of primers designed from conserved regions of the previously published sequence of the rod opsin of the sand goby, P. minutus (Archer et al. 1992) , it has been possible to amplify, by PCR, a single fragment of 908 bp that includes the coding sequence for all seven transmembrane α-helical regions of the opsin protein. No attempt, however, was made to extend sequencing to the region encoding the N and C Table 1 . Amino acid replacements in the se en transmembrane domains (All sites at which amino acid substitutions have occurred are shown. Sites that are located on the outer lipid face of the helices are placed in brackets. All other sites face either in towards the hydrophilic chromophore-binding pocket or other transmembrane helices. Candidate sites for spectral tuning that are identified in the text are indicated by an asterisk. The λ max values (nm) of the rod visual pigments were measured by microspectrophotometry (Partridge et al. 1988 ; Partridge 1989 ; Partridge et al. 1989 ; Archer et al. 1992 
termini since these regions tend to be more divergent.
Retinal mRNA was not available since these deep-sea species do not survive the pressure difference encountered during transfer to the surface. Three of the four species of teleost fish studied belong to different Superorders of the teleost subdivision Euteleostei (Nelson 1995), these being Hoplostethus mediterraneus (Superorder Acanthopterygii ; Order Beryciformes ; Family Anomalopidae), ataet x laticeps (Superorder Paracanthopterygii ; Order Ophidiiformes ; Family Bythitidae) and Gonostoma elongatum (Superorder Stenopterygii ; Order Stomiiformes ; Family Gonostomatoidei). The remaining species, the eel Histiobranchus bath bius (Order Anguilliformes ; Family Synaphobranchidae), belongs to the teleost subdivision Elopomorpha. The species studied, therefore, span a wide spectrum of teleost taxonomy and phylogeny. All are common on the continental slope of the north-east Atlantic, and capture depths previously recorded are as follows : H. bath bius, 1790-4790 m ; H. mediterraneus, 480-1500 m ; G. elongatum, 500-1500 m ; and . laticeps, 1440-2420 m (Merrett et al. 1991 a, b) .
The deduced amino acid sequences of the species studied are shown in figure 1 , together with the rod opsin sequences of two other teleosts, the sand goby, P. minutus (Archer et al. 1992) , and the eel, Anguilla anguilla (Linnaeus 1758 ; . The latter has two rod opsins, a ' freshwater ' form and a ' deepsea ' form, which are expressed at different stages in the animal's life cycle. Full alignment of the sequences was achieved without the need for any insertions or deletions.
(a) Structural components of the opsin sequences
The deep-sea fish opsins sequenced in this study have retained several amino acids which previous studies have shown to have key structural roles. These include (using bovine rod opsin numbering conventions) the following : (i) the retinal binding site with lysine at residue 296 (Dratz & Hargrave 1983) ; (ii) glutamate 113 which forms the counterion to the retinylidene Schiff's base (Sakamar et al. 1989) ; (iii) cysteine residues at positions 110 and 187 that serve for disulphide bond formation (Karnik et al. 1990) ; cysteine residues at positions 322 and 323 for palmitoy- lation (Ovchinnikov et al. 1988) ; and (iv) glutamate 134, which provides a stabilizing negative charge for the inactive opsin (Cohen et al. 1993 ).
(b) Spectral tuning
The λ max values for the rod visual pigment of the four deep-sea species vary from 483 nm in H. mediterraneus and G. elongatum (and in the case of the eel ' deep-sea ' pigment) to 468 nm in . laticeps (Partridge et al. 1988 ; Partridge 1989 ; Partridge et al. 1989 ). This contrasts with values of around 500 nm found in shallow living species (Lythgoe 1972) and in the eel ' freshwater ' pigment. Previous work on vertebrate visual pigments has shown that most of the amino acid changes that affect the λ max of a pigment are found in the transmembrane helices, and involve either a change in charge, or a gain\loss of a hydroxyl group (Nakayama & Khorana 1990 ; Nathans 1990 ; Merbs & Nathans 1993 ; Asenjo et al. 1994) . A comparison of the sequences isolated from each species included in this study identified a total of 47 transmembrane sites at which substitution has occurred in at least one species (table 1). The three-dimensional G-proteinlinked receptor model of Baldwin (1993) was used to determine the relative positions of these residues : 29 face towards the lipid membrane, six face other transmembrane helical regions, and 12 face in towards the hydrophilic pocket that contains the chromophore. Of these latter 12 sites, only six, at positions 83, 118, 124, 168, 292 and 299, involve either a charge change, or the gain\loss of a hydroxyl group and might therefore be expected to cause an alteration in the electrostatic interaction between the opsin and the chromophore, leading to a spectral shift in the λ max of the visual pigment (figure 2). Two of these sites, at positions 83 and 292, are consistently substituted in a way that correlates with the λ max values of the visual pigments. The opsins of the shallow-living fish (with λ max values of around 500 nm or more) have aspartate at position 83 and alanine at position 292, whereas the deep-living species (with λ max values of around 480 nm or less) have asparagine and serine residues at the respective sites.
(c) Origin of the ' freshwater ' and ' deep-sea ' opsins of the eel have reported the presence of two forms of the rod opsin gene in the eel, A. anguilla. In contrast, only a single rod opsin gene was found in H. bath bius, another member of the Anguilliformes. In order to determine the origin of the latter gene, we have used the rate of nucleotide divergence between fish rod opsin sequences to generate a rod opsin gene tree by the neighbour-joining method (Saitou & Nei Johnson et al. (1993) , Tsai et al. (1995) , Hunt et al. (1996) , Archer et al. (1992) , and Yokoyama et al. (1995) , respectively. 1987). The human rod opsin sequence was used as an outgroup. As shown in figure 3 , the three eel sequences (the single gene from H. bath bius and the two variants from A. anguilla) form a separate clade, indicating that the genes encoding the eel ' freshwater ' and ' deep-sea ' opsins originated by gene duplication in this lineage. Rod opsins of deep-sea fish opsins A. J. Hope and others Moreover, the single rod opsin gene found in H. bath bius would appear to be more closely related to the ' deep-sea ' form of A. anguilla .
(d) Pressure adaptation
Very little is known about the amino acid sequences and the structural adaptations that enable proteins to function at high pressure. However, the proteins from deep-sea fishes have a high resistance to thermal denaturation compared with corresponding proteins from shallow-water relatives, and this increase in thermal stability is thought to be due to the evolution of especially rigid proteins that can resist disruption of their tertiary and quaternary structure under high pressure (Swezey et al. 1982 ; Somero 1992 a, b) .
Previous studies (Berg & Prockop 1973 ) have indicated the importance of hydroxyl bearing, and related residues, in thermal stability. Total amino acid composition analysis (table 2) shows that the highest proportion of hydroxyl bearing residues are found in the rod opsin from the deepest-dwelling species, H. bath bius (18.4 %), and in the ' deep-sea ' opsin from the eel (18.8 %). If proline, which can be hydroxylated, is included with the hydroxyl-bearing residues, then the same two opsins still contain the highest proportion of such residues (23.2 % and 23.3 % respectively). In contrast, P. minutus, the most shallow-living species, possesses the fewest number of hydroxyl-bearing residues (15.7 %) and, when proline is included, contains the fewest residues (19.5 %) that are capable of hydroxylation. However, these overall increases are very modest, and when each residue is considered separately a less consistent pattern emerges with the eel ' freshwater ' opsin, for example, having at least as high a proline and serine content as the opsin in H. bath bius.
DISCUSSION
In this paper we present the first opsin gene sequences from deep-sea fish. All available evidence suggests that the species studied possess rod-only retinas and lack cone photoreceptors. The retina of . laticeps gave negative results when stained with the conespecific visinin antibody (Fro$ hlich et al. 1995) . No cones were identified by microspectrophotometry of photoreceptors in the retinae of the four species studied here (Partridge et al. 1988 Douglas et al. 1995) , and histological examination of retinae from closelyrelated species showed an absence of cones (Ali et al. 1976) .
Six amino acid residues have been identified in this study which, because of their position within the opsin molecule and their proximity to the chromophore, may be involved in the spectral tuning of the visual pigments. These sites all involve substitution of either charged with uncharged, or hydroxyl-bearing with non-hydroxyl-bearing amino acids, a feature that they share with other sites that have been associated with spectral shifts in the visual pigments of a number of vertebrate species (Nathans 1990 ; Merbs & Nathans 1993 ; Asenjo et al. 1994) . Such substitutions cause the alteration of the electrostatic interactions between the amino acids and the π-electrons located along the polyene chain of the chromophore. Interactions that increase electron delocalization will lead to a smaller energy difference between the ground and excited states of the chromophore, and therefore cause a bathychromatic shift (i.e. λ max values will be displaced towards longer wavelengths) in the absorbance spectrum (Hubbard & Sperling 1973) . Conversely, any interaction that decreases electron delocalization will lead to a larger energy difference between ground and excited states, and therefore to a hypsochromatic shift in the absorbance spectrum, shifting λ max values to the shortwave end of the spectrum.
Substitutions at two of the sites where electrostatic interactions with the chromophore can occur correlate with the λ max values of the visual pigments. These sites are located at positions 83 and 292, and amino acid replacements at both have been shown by site-directed mutagenesis to result in spectral shifts in the modified pigment (Nathans 1990 ; Nakayama & Khorana 1991 ; DeCaluwe! et al. 1995) . The λ max shift from 502 nm, as seen in the eel ' freshwater ' pigment, to around 480 nm, as seen in the eel ' deep-sea ' pigment, and in the pigments of H. mediterraneus and G. elongatum, can be attributed to substitutions at these sites. Thus, deeper living species with rod visual pigments that are shortwave-shifted compared with shallow-living relatives, have an amide-bearing, uncharged residue at position 83 (asparagine) and a hydroxyl-bearing, polar residue at position 292 (serine). In contrast, the pigments found in shallow-living teleost fishes such as P. minutus (Archer et al. 1992) , arassius auratus (Johnson et al. 1993) , prinus carpio (Tsai et al. 1994) and Ast anax fasciatus (Yokoyama et al. 1995) all have the acidic, negatively charged residue (aspartate) at position 83 and a non-polar residue (alanine) at position 292. The same two substitutions have been proposed by Hunt et al. (1996) to account for the range of λ max values, from around 500 nm to about 480 nm, seen in the rods of different species of cottoid fish living at different depths in Lake Baikal.
The λ max of the rod pigment isolated from H. bath bius is further shortwave-shifted to 477 nm. The initial shift, relative to shallow-living fishes, to a λ max of around 480 nm, can again be explained by the presence of asparagine and serine at sites 83 and 292, and the additional 3 nm blue-shift could be accounted for by substitution of serine by alanine at site 168. However, if this is the case, then it is necessary to propose that a second compensatory substitution is present in the eel ' deep-sea ' pigment which causes a bathychromatic shift back to 480 nm, since the site 168 substitution is also present in this opsin.
The further shift to 468 nm in the rods of . laticeps is more difficult to explain. Amino acids at sites 83 and 292 in this species are identical to those in the group of fishes having a 480 nm λ max rod pigment, so a shift to this wavelength can be explained by the same mechanism. However, as with H. bath bius, there does not appear to be a simple explanation for the additional shortwave shift in the visual pigment of this species. . laticeps has serine (a hydroxyl-bearing, polar residue) rather than alanine at site 124, but this substitution is also present in the eel ' deep-sea ' pigment. If the spectral location of this latter pigment is achieved via a second compensatory substitution for the site 168 replacement, then this substitution could also compensate for the additional effect of alanine at site 124. No single candidate site is, however, obvious and the alternative explanation, that compensatory substitutions have occurred at a number of sites, must remain a possibility.
The topology of the gene tree generated from fish rod opsin sequences indicates that the gene duplication that gave rise to the separate ' freshwater ' and ' deepsea ' opsins found in the eel, A. anguilla , is restricted to the Anguilliformes but occurred relatively early in this lineage. The ancestors of A. anguilla and H. bath bius would therefore be expected to have both genes, but only the ' deep-sea ' variant would appear to be retained by H. bath bius. The presence of the two forms of the gene in A. anguilla can be attributed to migration of this species from shallow rivers and estuaries to the depths of the Sargasso Sea , whereas the loss of the ' freshwater ' variant in H. bath bius is consistent with the absence of any such migratory behaviour in this species. A similar situation holds for the Conger eel, onger conger (Archer & Hirano 1996) , in which only the orthologous gene to the ' deep-sea ' variant in the eel appears to be expressed.
The spectral tuning of visual pigments is not the only adaptation that may be required by these integral cell membrane proteins to allow them to function correctly at the high hydrostatic pressures of the deep sea. An elevated resistance to thermal denaturation has been demonstrated in the proteins of deep-sea fish (Swezey et al. 1982 ; Somero, 1992 a, b) . Such changes may arise from an increase in the rigidity of a protein relative to that found in shallow-living relatives, and it is this rigidity, rather than thermal stability itself, that may indicate adaptation to high pressures. It has been known for some years that an increase in hydroxylbearing residues, amongst other mechanisms, stabilizes proteins against thermal denaturation (Creighton 1993) . Similarly, an elevated proportion of proline residues has been shown previously to increase the thermal stability of proteins by allowing their potential hydroxylation, thus raising the number of hydrogen bonds formed within the tertiary protein structure (Berg & Prockop 1973) . However, a comparison of the amino acid composition of the opsins from shallow and deep-sea species shows that although the highest overall hydroxyl content is found in the rod opsin of the deepest-living species, H. bath bius, the content of each hydroxyl-bearing amino acid varies in an inconsistent manner across species, with high levels in some shallowliving species. Therefore, it is unlikely that these differences have any functional significance.
Thermostability domains have been identified in the proteins of thermophilic bacteria (Lee et al. 1993 ; Fontes et al. 1995) . It is possible, therefore, that deepsea opsins employ similar regions to achieve stability at high pressures, although their identification will have to await the sequencing of the rod opsin gene from other abyssal deep-sea fishes.
